In this paper details of the experimental procedure and data analysis of the collision of 11 Be+ 64 Zn around the Coulomb barrier are described and discussed in the framework of different theoretical approaches. In a previous work [A. Di Pietro et al., Phys. Rev. Lett. 105, 022701 (2010).], the elastic scattering angular distribution of the collisions 9,10 Be+ 64 Zn as well as the angular distribution for the quasielastic scattering and transfer/breakup cross sections for the 11 Be+ 64 Zn reaction were briefly reported. The suppression of the quasielastic angular distribution in the Coulomb-nuclear interference angular region observed in the collision of the 11 Be halo nucleus with respect to the other two beryllium isotopes was interpreted as being caused by a long-range absorption owing to the long decay length of the 11 Be wave function. In this paper, new continuum-discretized coupledchannel calculations of the 11 Be+ 64 Zn reaction are reported in the attempt to interpret the effect of coupling with the breakup channels on the measured cross sections. The calculations show that the observed suppression of the Coulomb-nuclear interference peak is caused by a combined effect of Coulomb and nuclear couplings to the breakup channels.
In this paper details of the experimental procedure and data analysis of the collision of 11 Be+ 64 Zn around the Coulomb barrier are described and discussed in the framework of different theoretical approaches. In a previous work [A. Di Pietro et al., Phys. Rev. Lett. 105, 022701 (2010) .], the elastic scattering angular distribution of the collisions 9, 10 Be+ 64 Zn as well as the angular distribution for the quasielastic scattering and transfer/breakup cross sections for the 11 Be+ 64 Zn reaction were briefly reported. The suppression of the quasielastic angular distribution in the Coulomb-nuclear interference angular region observed in the collision of the 11 Be halo nucleus with respect to the other two beryllium isotopes was interpreted as being caused by a long-range absorption owing to the long decay length of the 11 Be wave function. In this paper, new continuum-discretized coupledchannel calculations of the 11 Be+ 64 Zn reaction are reported in the attempt to interpret the effect of coupling with the breakup channels on the measured cross sections. The calculations show that the observed suppression of the Coulomb-nuclear interference peak is caused by a combined effect of Coulomb and nuclear couplings to the breakup channels. 
I. INTRODUCTION
The existence of light nuclei with a localized central core surrounded by a dilute halo of neutron or proton matter is now well established [1] . It is interesting to investigate to what extent complementary information on the structure of such nuclei and on its effect on the reaction processes can be obtained from high-quality elastic scattering angular distribution data or from the measurement of other reaction channels, such as transfer or breakup, performed at low bombarding energies. The elastic scattering of a halo nucleus from a stable target can give simple direct evidence for the structure of the halo. In the various experiments performed so far using the 6 He nucleus on several targets, the halo structure of such a nucleus has manifested with dramatic changes in the elastic cross section from the expected behavior (e.g., Refs. [2] and [3] ) and with an overall increase in the total reaction cross section in favor of direct reaction channels. Although elastic scattering can be described by models where the internal structure of the incoming nuclei is not explicitly taken into account [i.e., the optical model (OM)], the structure of the colliding nuclei has consequences on the outcome of the process. Indeed the elastic scattering of two nuclei is often described in terms of the Coulomb rainbow model or the Fraunhofer or Fresnel diffraction model. The first assumes no absorption; for small impact parameters the competing effects of nuclear attraction and Coulomb repulsion lead to a maximum in the deflection function and, consequently, in the cross section, usually called the Coulomb "rainbow." Diffraction models assume absorption from the elastic channel. If the Coulomb field is weak, Fraunhofer diffraction occurs as a consequence of the interference of the diffracted waves from opposite sides of the target nucleus; if the Coulomb field is strong, one has the Fresnel diffraction and only the scattering from the near side is seen. However, depending on the structure of the colliding nuclei, the angular distribution can differ completely from the above-mentioned limits [4] . For instance, if the nuclear surface of the scattering nucleus is "soft," as in the case of halo nuclei, the effect of absorption is to damp the peripheral nuclear amplitude, thus reducing the Coulomb nuclear interference peak. Moreover, the Coulomb trajectories at small impact parameters are absorbed [5] .
Indeed, it is well known that, in a complete theoretical treatment of the scattering process, the internal structure of nuclei must be considered, as strong coupling to inelastic transitions, or to other reaction channels, can have important effects on the elastic scattering cross sections. This can be explicitly taken into account by performing coupled-channel calculations. Inelastic excitations, for weakly bound halo nuclei that have at most one bound excited state, correspond to coupling also to the breakup channels. This can be treated using the continuum-discretized coupled-channel (CDCC) method, an extension of the traditional coupled-channels method that, in addition to the coupling to bound states, takes into account the coupling to the unbound states of the projectile. These calculations require an accurate description of the projectile structure and the correct coupling to bound and unbound states of the halo nucleus. The CDCC method provides the elastic and breakup observables, and therefore, the availability of high-quality elastic scattering data provides a very useful test to assess the validity of the structure and reaction model assumed in the CDCC calculations and helps to set constraints on the input ingredients. Therefore, angular distributions extending over large angular ranges, with small angular steps and relatively small error bars, are needed. With radioactive beams it is not always an easy task to fulfill such requirements owing to the low intensity of such beams. In the case of the 6 He beam, more and more good-quality elastic scattering data on different target masses have become available. This was not the case for other halo nuclei. Recently we published a letter [6] where the quasielastic and breakup angular distributions for 11 Be on 64 Zn were reported along with the elastic scattering angular distributions of two other Be isotopes: 9 Be and 10 Be. In the present paper we describe the details of the experiment and of the theoretical analysis performed that could not be reported in Ref. [6] as well as new theoretical calculations that were performed on the same data.
II. EXPERIMENTAL DETAILS
The experiment with the 10 Be and 11 Be radioactive beams was performed at the REX-ISOLDE facility of CERN [7] . The energies of the 10 Be and 11 Be beams were 28.4 and 28.7 MeV, respectively. The 10, 11 Be nuclei were produced in a spallation reaction of 1.4-GeV protons delivered by the CERN PSBooster, impinging on a Ta target. Beryllium atoms were extracted from the target, ionized to the 1 + charge state by the ISOLDE laser ion source RILIS, and mass separated in the high-resolution separator. Afterward the ions were cooled at the penning trap REX-TRAP, charge bred to the 3 + charge state by the electron beam ion source REX-EBIS, and postaccelerated in the REX-Linac to the required energies. The ion beam was further mass separated by a magnetic dipole placed after the REX-Linac and sent to the experimental chamber, where it collided with the reaction target. The 10 Be beam traversed a 550 μg/cm 2 , and the 11 Be beam a 1000 μg/cm 2 , 64 Zn target. The target was placed at an angle of 45
• with respect to the beam direction in order to allow measurements at ≈90
• . The energy of the 10 Be beam was chosen in order to have approximately the same center-of-mass energy of the 11 Be+ 64 Zn system. The final energy resolution (energy resolution of the beam plus the energy straggling into the 64 Zn target) was insufficient to separate 11 Be elastic from inelastic scattering of the 11 Be first excited state at E x = 320 keV, but as we see in Sec. III, the inelastic channel contributes very little to the measured angular distribution. The average beam intensity of the 11 Be beam was 10 4 pps and that of 10 Be was two orders of magnitude higher. In order to collect enough statistics with the very low intensity available, a detection system covering a large solid angle had to be used.
The presence of possible stable contaminant species in the radioactive beams delivered by REX-ISOLDE was considered before performing the experiment and actions were taken in order to minimize it during the run. In the present case, the main source of possible contaminants of the beam is the REX-EBIS ion source. Besides beryllium, a wide variety of ions may emerge from the REX-EBIS. This phenomenon is caused by residual gas contaminants inside the source that are ionized with the electron beam as well. In order to reduce the presence of such contaminants, particular care was sought in the choice of the buffer gas ions to be used in the REX-TRAP. As buffer gas an element with a q/A different from that of the ion of interest must be used. The charge state of both 10 Be and 11 Be beams was 3
+ . In the case of 11 Be 3 + , 22 Ne 6 + is a possible contaminant, so 20 Ne was used as the buffer gas. On the contrary, in the case of 10 Be 3 + , one of the contaminants could be 20 Ne 6 + ; during this run 22 Ne and 4 He were used as buffer gases. In the case of the 11 Be beam, another contaminant was 11 B coming from the REX-EBIS cathode. In order to strongly reduce the presence of such a contaminant, a carbon stripper foil was placed after the REX-Linac and before the last bending magnet to fully strip 11 Be and 11 B. Using the stripper foil, a 11 B/ 11 Be ratio of about 0.3% was measured. No other impurities were observed.
The experimental setup consisted of an array of six Sidetector telescopes, each formed by an ≈40-μm-thick, 50 × 50 mm 2 , E DSSSD detector (16 × 16 pixels) and an ≈1500-μm-thick single-pad E detector covering a total angular range of 10
• θ 150
• . Thanks to the high granularity, when allowed by the statistics, the angular distribution was obtained with a 1
• step. A sketch of the setup is shown in Fig. 1 . The total number of detection pixels was 1536, however, of the six detector telescopes used during the experiment, the data from only three of these (DSSSD3, DSSSD5, and DSSSD6, for a total of 768 pixels) were analyzed. For the other detectors (DSSSD1, DSSSD2, and DSSSD4), placed at more backward angles, the statistics obtained were too low. Moreover, because the target was tilted at 45
• , the target holder casts a shadow in the region around 45
• of detector DSSSD6, therefore some of the data from this detector could not be analyzed. The two forward detectors (DSSSD5 and DSSSD6) were placed about 90 mm from the target, while the other detectors were placed at the closer distance of about 50 mm. The detection system had a very compact geometry, therefore small variations of the beam position onto the target, i.e., of the beam axis, resulted in a non-negligible variation of the detector angles. In order to properly reconstruct the angular distribution, for each run the correct geometry had to be reconstructed. To this end, we measured the elastic scattering 12 C, 10 Be+ 197 Au at energies E cm = 25.7 and 27.9 MeV, respectively, for which the elastic cross section follows the Rutherford formula. The full setup was simulated; using the known geometry of the detectors, we performed a series of calculations where the angle and solid angle of each detection pixel were derived by varying the angle of the incoming beam and the impact point onto the target. For each calculation, once we determined the angle and solid angle of each pixel, we derived the ratio σ ela /σ R between the elastic and the Rutherford cross section. In order to correctly take into account the beam misalignment, the input parameters of the calculations were changed to have the ratio σ ela /σ R ≈ 1. In Fig. 2 ratio between the elastic and the Rutherford cross section for the 12 C, 10 Be+ 197 Au collisions is shown. In the case of runs with 10, 11 Be beams on a 64 Zn target, a correction was also made for the beam misalignments. This was done by looking at the small-angle elastic scattering, where the cross section is expected to be of the Rutherford type in the two front detectors (DSSSD5 and DSSSD6) placed symmetrically with respect to the beam axis.
When performing inclusive experiments at REX-ISOLDE, one has to take into consideration that the beam has a low duty cycle. Each pulse shows a macrostructure of 20 ms (50 Hz) characterized by a peak, where the beam particles are concentrated, with a width of about 50 μs. As a consequence of the time structure, the average intensity of the beam is about 400 times smaller than the instantaneous intensity. So, even though the average intensity for the 10 Be beam was ≈10 6 pps, the instantaneous counting rate on the detectors was rather large. Because the dead time of the acquisition system was larger than the 50 μs of the burst duration, particular care had to be taken in order to control the total acquisition trigger rate, which had to be below 50 Hz. The detectors having the largest counting rate were the two placed at forward angles (DSSSD5 and DSSSD6), therefore the trigger signals coming from those detectors, in the case of the 10 Be beam, were opportunely downscaled in order to have a total acquisition trigger rate of ≈50 Hz. Another consequence of having a high instantaneous beam intensity was the possibility of having more than one elastic scattering event within the same acquisition gate. Elastic scattering events having large multiplicities (up to 4 in the 10 Be case and 2 in the 11 Be case) were acquired. The presence of these events caused some problems in the data analysis. In fact, if the energy signal of each of these elastic events was approximately the same on the E detector, as was occurring in different pixels, this was not so in the residual energy detector. The residual energy detector was in fact a single-pad detector, and an energy signal equal to i=M i=1 E i , where M is the multiplicity of elastic scattering in one acquisition gate and E i the residual energy of each of the M particles, was observed. Therefore, in order to put gates on the E-E plot, a different E-E two-dimensional (2D) spectrum had to be produced for each multiplicity condition. We verified that if only events having multiplicity M = 1 were selected, the shape of the angular distribution was different than if all multiplicities were considered; this is because an M > 1 event is more likely to occur at forward angles, where the cross section is larger than at backward angles. Therefore, different multiplicity conditions weight in a different way at forward and backward angles. We remind the reader that multiplicity M > 1 events are generated by good elastic scattering events caused by beam particles being too close in time, so they must be considered in the analysis. In the data analysis, M = 2 events, which correspond to a signal in the interstrip region of the E detector, were discarded. These events are easily identified, as they produce signals onto two adjacent strips and the amplitude of each of the two signals is lower than the energy of the elastic scattering. In the case of 11 Be, events corresponding to breakup or transfer were also identified. Owing to the low intensity of the 11 Be beam along with the small cross section of the process, only multiplicity M = 1 was observed for these events.
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As previously mentioned, data with the stable, weakly bound 9 Be isotope were also gathered. The experiment with the 9 Be beam was performed at the Laboratori Nazionali del Sud (LNS) in Catania. A 9 Be beam at E lab = 29 MeV was delivered by the 14-MV SMP Tandem of the LNS. The beam was impinging on a 550 μg/cm 2 self-supporting 64 Zn target that was angled at 45
• to allow measurements at around 90
• . In order to detect and identify 9 Be events produced in elastic scattering processes, five telescopes consisting of surface barrier Si detectors having a E stage of ≈10 μm and an E stage of ≈200 μm were used. The experimental setup was placed in the CT2000 scattering chamber along the 60
• beam line at the LNS. The five telescopes were placed on a rotating platform; thus using this system, the elastic scattering angular distribution was measured up to an angle of 110
• . In order to normalize different runs having different angular settings, two monitor detectors were used as well. These were placed at fixed angles of −20
• and −30
• , respectively, on the opposite side of the telescopes with respect to the beam direction. As monitors, we used 100-μm-thick surface barrier Si detectors. In order to verify the correctness of the normalization procedure, the angle covered by telescope 5 (the one placed at larger angles in the previous run) was covered by telescope 1 (the one placed at smaller angles in the following run). Using the Rutherford scattering 9 Be+ 197 Au ( 197 Au thickness, 145 μg/cm 2 ), the solid angle ratios between each telescope ( tel i ) and the two monitors ( mon j ) were determined. These ratios were measured at different angular settings, as the elastic cross section of 9 Be on 197 Au at E lab = 29 MeV is Rutherford at all measured angles. The final tel i mon j was the average value obtained with the different angular settings.
III. ELASTIC SCATTERING ANGULAR DISTRIBUTIONS
A comparison of the elastic scattering angular distributions of 9 Be+ 64 Zn and 10 Be+ 64 Zn is shown in Fig. 3 . In Fig the quasielastic angular distribution of 11 Be+ 64 Zn is shown. The error bars in the 9 Be + 64 Zn angular distribution include statistical plus systematic errors; the largest contribution to this error comes from the indetermination of the Rutherford cross section originating from the precision with which the angle of the monitor detectors is known (±0.05
• ). In the 10, 11 Be+ 64 Zn case, only statistical errors are considered. The angular distributions were normalized to the average elastic cross sections for angles θ < 25
• . As discussed in Ref. [6] , the elastic scattering angular distributions of 9, 10 Be + 64 Zn are very similar. Because 9 Be and 10 Be have very similar interaction radii [8] , this result is not unexpected considering that, as noted in Ref. [9] , the breakup channel of the weakly bound 9 Be nucleus at an energy of 1.4 times the Coulomb barrier does not play any role in the total reaction cross section. On the other hand, one can clearly see that, in the case of 11 Be+ 64 Zn, the quasielastic cross section appears to be suppressed at small angles. This feature, which cannot be attributed to the strong coupling to the bound first excited state of 11 Be, as this channel is included in the experimental quasielastic cross section, is typically attributed to absorption occurring at large distances. Similar shapes of the elastic scattering angular distribution have been observed before. A strong departure of the elastic cross section from the Rutherford one is observed in the case of strong long-range Coulomb B(E2) excitation of either the projectile or the target, which produces absorption at large distances [4] . In the following, we try to understand the origin of such absorption in the present case.
A. Optical model analysis
A first analysis of the data was performed using the OM with the code PTOLEMY [10] . Some preliminary results of this analysis were presented in our previous letter [6] . Here, we recall the main results and provide further details. For all three systems, the projectile-target interaction was parametrized using volume Woods-Saxon (WS) shapes for both the real Table I. and the imaginary parts as
where U c (r, R c ) is the central Coulomb potential and V and W are the depths of the real and imaginary WS potentials, respectively, whose form factor is
with R x = r x (A t ) fm. In the case of 9, 10 Be, the parameters of the volume potential were determined from the fit of the elastic scattering angular distribution. To avoid the inclusion of too many free parameters in the χ 2 minimization, grid searches of radius and diffuseness (real and imaginary) were made leaving the depths of the real and imaginary potentials as free parameters. The grid search was made by varying the radius and diffuseness at steps of 0.05 fm until the best χ 2 was reached. The spin-orbit potential was not included because it is well known that, for low energies, the angular distribution is weakly sensitive to the spin-orbit interaction [11] .
In the case of 9, 10 Be, when changing the geometry of the real potential, a continuous Igo-type ambiguity [12] of the optical potentials was observed. In particular, by continuously varying the radius parameter, equivalent good fits are obtained with a different potential depth. The imaginary potential remains almost unchanged. All potentials giving equivalent χ 2 are exactly the same for distances larger than about r = 10 fm, as shown in Fig. 5 for 10 Be; for all these potentials the tail is identical. This result is not surprising because, especially at the lowest energies, the elastic scattering is mostly sensitive to the tail of the nuclear potential but it does not provide information on the interior part. Therefore any set of parameters that leaves the tail of the potential unchanged will give equivalent results. In Table I , a list of the best-fit potentials that gave equivalent results, along with their χ 2 values, are shown for Fig. 5 a comparison of the different potentials listed in Table I is shown.
In elastic scattering measurements, a typical criterion for the choice of the potentials has been the value of the volume integral of the real potential per interacting nucleon pair, defined as
The calculated values of J V are listed in Table I . However, these volume integrals are energy and mass dependent, and therefore, setting constraints on them is not straightforward (see, e.g., Refs. [13] and [14] ). For the 11 Be+ 64 Zn system, the parametrization in terms of volume WS potentials did not provide good fits of the data. This failure was attributed to the presence of long-range couplings, as discussed previously. To account for these effects, a surface term was added to the optical potential. Physically, the volume imaginary part will be mainly connected to the scattering of the 10 Be core by the target and can be identified with a bare interaction describing the scattering of the 11 Be nucleus in the absence of excitations of the halo. These excitations are taken into account by the surface part, which can be regarded as a dynamic polarization potential (DPP) that, added to the bare potential, describes the elastic scattering of the 11 Be nucleus. The volume term was taken from the OM analysis of the 10 Be+ 64 Zn elastic scattering data. For the DPP, two types of calculations were performed. In the first one, a phenomenological surface potential was used for the DPP, parametrized in terms of the derivative of a WS potential. In the second calculation, the DPP was described using an analytic prescription that takes into account the coupling to the excited (bound or unbound) states of the projectile arising from the dipole part of the Coulomb interaction.
So, in the first calculation, the imaginary part of the DPP had the following shape:
Inclusion of a real part in this DPP potential did not improve the quality of the fits and therefore it was not used. The fit of the 11 Be+ 64 Zn scattering angular distribution was performed having the surface potential depth as a free parameter and varying the surface diffuseness in steps of 0.05 fm. It was found that only with a diffuseness of the DPP of about a s ≈ 3. Coulomb-nuclear interference region and to obtain the best χ 2 . Equivalent good fits, obtained by varying a s around 3.5 fm, give the same reaction cross section within 4%. This result is in agreement with the findings of Refs. [15] and [16] , where the large diffuseness was related to the decay length of the halo neutron in the ground-state wave function of 11 Be [15] and is responsible for the large total reaction cross section observed. A question that arises is the following: owing to the Igo ambiguity, which of the many potentials that fit the 10 Be+ 64 Zn elastic data should be considered for the bare potential? We verified that the 10 Be+ 64 Zn potentials giving the same χ 2 value also provide equivalent results for 11 Be+ 64 Zn, i.e., give rise to essentially the same DPP in the fit of the 11 Be+ 64 Zn data. The quality of the obtained fits is shown in Figs. 3 and  4 for the set of potentials reported in Ref. [6] . Different sets of potentials giving the same χ 2 provide essentially the same angular distribution and also the same total reaction cross section. The total reaction cross sections, as quoted in Ref. [6] , are σ R = 1090 mb for 9 Be, σ R = 1260 mb for 10 Be, and σ R = 2730 mb for 11 Be. The much larger total reaction cross section obtained in the 11 Be case has also been reported in reactions induced by other halo nuclei such as 8 B and 6 He [3, 17, 18] .
The moduli of the elastic scattering matrix (S-matrix) elements are shown in Fig. 6 as a function of the projectiletarget orbital angular momentum. In the 11 Be+ 64 Zn case, the behavior of the S-matrix elements at large angular momentum values reflects the long-range absorption effect arising from the DPP extracted from the fit of the data. The OM parameters obtained from the aforementioned analysis were used for the distorted-wave Born-approximation (DWBA) calculation of the inelastic scattering angular distribution of the first excited state of 11 Be at E x = 320 keV. The nuclear form factor used was the radial derivative of the real and imaginary OM potential obtained from the scattering data. The strength of the Coulomb transition potential was set from the experimental dipole probability B(E1; 1/2 + → 1/2 − ) = 0.115 e 2 fm 2 [19] . The calculated inelastic angular distribution is compared in Fig. 7 with the 11 Be+ 64 Zn quasielastic data. Although the total inelastic cross section is rather large (σ ine ≈ 400 mb), owing to the large strength of the B(E1) transition to the first excited state, it is seen that the inelastic contribution to the scattering angular distribution is very small. Therefore, the measured quasielastic scattering angular distribution corresponds mainly to the elastic scattering, with very small differences only at large angles.
The second type of OM analysis was done, as mentioned above, using as the DPP the analytic prescription proposed in Ref. [20] . This potential takes into account the effect of the coupling to the excited (bound or unbound) states of the projectile arising from the dipole part of the Coulomb interaction. The potential was derived by applying the semiclassical theory of Alder and Winther for Coulomb excitation up to the second order. The resulting DPP is complex and energy dependent, but it does not depend on the angular momentum, making its implementation in OM calculations straightforward. These calculations were done using the code FRESCO [21] , with the DPP potential read externally. The only structure ingredient required by the model is the B(E1) strength connecting the ground state to the dipole excited states. In the present calculations, the B(E1) strength was generated with the n− 10 Be potential of Capel et al. [22] . For the bare interaction, we kept the same volume WS used in the phenomenological OM analysis. The result of this calculation is shown by the solid line in Fig. 8 . The OM calculation omitting the DPP (i.e., using only the bare potential) is also shown (dotted line). Comparing these two calculations, one sees that the dipole Coulomb couplings produce a strong reduction in the elastic cross section, approaching the calculation to the data. However, the magnitude of this reduction is not sufficient to explain the measured data. This result suggests that long-range nuclear couplings must also contribute to the further reduction in the elastic cross section at large distances. As we see in the following, this is confirmed by CDCC calculations. 
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B. CDCC calculations
The measured quasielastic angular distribution has been also compared with CDCC calculations. In the CDCC method, the projectile is described in a two-body model ( 10 Be + n in this case) and coupling to breakup channels is taken into account by considering inelastic excitations of this composite projectile to the unbound states. For simplicity, we ignore the contribution of 10 Be excited states in the 11 Be states. So, within this simplified model, the 11 Be ground state (1/2 + ) and the first excited state (1/2 − ; E x = 320 keV) are described, respectively, by the pure single-particle configurations 2s 1/2 and 1p 1/2 , coupled to the 10 Be ground state. The continuum spectrum was discretized using the standard binning method. For each 10 Be − n partial wave ( ), the spectrum was truncated at a maximum excitation energy (ε max ) and divided into a set of energy intervals (bins). For each interval, a representative normalizable wave function is constructed by averaging the continuum wave functions within the bin interval. In order to achieve full convergence of the calculated quasi-elastic cross section we needed to include n+ 10 Be partial waves up to ≈ 5, and a maximum excitation energy of ε max = 12 MeV, with respect to the neutron separation threshold.
The neutron- 10 Be interaction, which is required to generate the 11 Be wave functions, was adopted from Ref. [22] . This potential consists of a central and a spin-orbit component, of WS shape, with a fixed geometry and a parity-dependent depth. For even partial waves, this potential reproduces the groundstate separation energy as well as the position of the 5/2 + resonance at E x = 1.8 MeV, assuming that these states are described by pure 2s 1/2 and 1d 5/2 configurations, respectively. For the = 1 states, the depth was adjusted to reproduce the separation energy of the 1/2 − bound excited state (assuming a 1p 1/2 configuration). For other odd partial waves, we just used the depth determined for = 1.
In CDCC, the three-body wave function (two-body projectile plus target) is expanded in the truncated model space for the internal states of the projectile. When inserted into the Schrödinger equation, this gives rise to a set of coupled differential equations, which are solved by numerical integration subject to the appropriate boundary conditions. In this set of equations, the main physical ingredients are the coupling potentials, which are generated by folding the sum of the 10 Be-target and neutron-target interactions with the internal states of the projectile. For the 10 Be-target potential, we used the optical potential extracted in Ref. [6] from the fit of the 10 Be+ 64 Zn elastic data. The n-64 Zn interaction was taken from the global parametrization of Koning and Delaroche [23] , evaluated at the appropriate energy per nucleon. The coupling potentials are expanded in multipoles (λ) up to a maximum value of λ max = 5. Both nuclear and Coulomb couplings were included.
The coupled equations were solved for total angular momenta up to J = 1000 and up to a matching radius of 1000 fm. These calculations were performed with the code FRESCO [21] .
In Fig. 9 we compare the measured quasielastic cross section with the calculations. The solid line is the full CDCC calculation. The dotted line is the calculation omitting the coupling to the continuum states, that is, including only the ground state and first excited state of 11 Be. Comparing these two curves, we see that the coupling to the breakup channels has a strong influence on the elastic cross section. In particular, the inclusion of these couplings produces a sizable reduction in the elastic cross section at angles of around 30
• . A qualitatively similar effect has been observed in other reactions induced by weakly bound nuclei (see, e.g., Refs. [2] , [18] , [24] , and [25] ,). Overall, the full CDCC calculation reproduces fairly well the data in the full angular range, although some overestimation is seen at large angles.
We have examined the contribution of the inelastic excitation of the 1/2 − bound state to the quasielastic cross section. This contribution is found to be relatively large (σ ≈ 748 mb), about twice the value obtained from the DWBA calculations reported in the previous section. We attribute this result to the fact that the n + 10 Be potential used in our CDCC calculations [22] gives rise to a B(E1; 1/2 + → 1/2 − ) value that is about a factor of 2 larger than the experimental value. The same overestimation is obtained with other potentials with more or less standard parameters. It has been shown that the inclusion of core-excited components in the description of the 11 Be nucleus yields a more realistic value of the B(E1; 1/2 + → 1/2 − ) strength. However, the inclusion of core excitation in the CDCC scheme is not straightforward [26] , and no standard code is available today for this kind of calculation.
In order to disentangle the relative importance of the Coulomb and nuclear couplings to the elastic cross section, we have performed two additional CDCC calculations, one including only nuclear breakup (CDCC-nuc hereafter) and the other including only Coulomb break-up (CDCC-coul). All calculations include the monopole diagonal nuclear and Coulomb potentials derived from CDCC. The results of these calculations are depicted in Fig. 9 by the dashed and dotted-dashed lines. Compared to the no-continuum result (dotted line), it is shown that both nuclear and Coulomb couplings are responsible for the suppression of the Coulombnuclear interference peak, thus confirming our previous finding with the OM calculations. At larger angles, the Coulomb and nuclear breakups act in opposite directions; Coulomb couplings tend to reduce the elastic cross section, whereas nuclear couplings produce an increase in the elastic cross section with respect to the no-continuum calculation. Similar results were found in Ref. [27] .
In the upper panel in Fig. 10 we present the modulus of the elastic S-matrix elements obtained from the CDCC calculations, as a function of the projectile-target orbital angular momentum, L. Note that for each total angular momentum J , two values of L are possible (L = J ± 1/2), but for clarity, only the values L = J + 1/2 are shown. Open circles show the no-continuum calculation. CDCC calculations including either nuclear or Coulomb breakup are given by the dashed and dot-dashed lines, respectively. Finally, the solid line corresponds to the full CDCC calculation. In the lower panel in Fig. 10 the Argand plot of the elastic S matrix is depicted. It is shown that the effect of the Coulomb coupling is to reduce significantly the modulus of the elastic S matrix for large L values (e.g., L = 25), but it does not have an important effect on its phase. On the contrary, nuclear couplings affect the phase of the S matrix strongly. It is remarkable that, when these couplings are included, along with Coulomb couplings, the S matrix becomes approximately real. In this case, the nuclear phase shift is small, and hence the change in deflection angle is negligible. This indicates that the angular deflection owing to the attractive nuclear potential, which is responsible for the appearance of the Coulomb-nuclear interference peak, is canceled owing to the nuclear coupling to the continuum. Thus, nuclei are expected, in a semiclassical picture, to follow the Coulomb trajectory that corresponds to its impact parameter, from which they can be removed, owing mainly to Coulomb couplings.
In Fig. 11 we present the reaction, absorption, inelastic, and breakup cross sections as a function of the angular momentum J . Absorption cross sections are caused by the imaginary potentials included in the calculation, while inelastic and breakup cross sections are explicitly caused by the coupling. The effect of the Coulomb couplings [ Fig. 11(b) ] is to contribute strongly to the breakup cross section, but they do not change the absorption with respect to the one-channel (no-coupling) calculation. On the contrary, nuclear couplings [ Fig. 11(a) ] have a minor effect on breakup, but they do affect the absorption significantly. This effect can be understood by the fact that the nuclear couplings contribute to a smearing of the nuclear surface and cause the transit from strong absorption (for low J ) to elastic scattering (for high J ) to occur more gradually when nuclear couplings are included, compared to the one-channel calculation. This smearing of the nuclear surface is also responsible for the increase in the elastic scattering cross sections at large angles, which would be completely absorbed in a one-channel calculation. We see also that the inelastic cross section, which corresponds to the 054607-8 The combined effect of nuclear and Coulomb couplings, shown in Fig. 11(c) , shows the smearing of the nuclear surface, which manifested in a decrease in the absorption cross sections for J < 25 and an increase for J > 25, owing to the nuclear coupling. Also observed are the breakup cross sections for large J , owing to the Coulomb coupling, which are responsible for the long-range absorption required in the OM calculation.
To finish this section, we compare our results with those presented in Ref. [28] , in which a CDCC analysis of the same reaction was presented. Overall, our results are qualitatively in agreement with those in that work, but some quantitative differences are observed. Because the n + 64 Zn and 10 Be + 64 Zn interactions used in Ref. [28] are the same as those used here, the difference in the results must arise either from the structure model assumed for 11 Be or from the model space used in the CDCC calculations. In Ref. [28] , the n + 10 Be interaction was parametrized in terms of a Gaussian shape, with the geometry adjusted to reproduce the experimental value for the B(E1; 1/2 + → 1/2 − ) probability. Moreover, those calculations were performed in a more restricted model space-λ max = 3, = 0-3, ε max = 8 MeV-and only three bins were used for each . We have verified that these parameters are not enough for a full convergence of the quasielastic cross section. In fact, increasing the number of partial waves up to = 5, the maximum excitation energy up to ε max = 12 MeV, and the number of bins for each to 6, the calculated quasielastic cross section differs significantly from that presented in Ref. [28] . In particular, the quasielastic cross section is larger at the Coulomb-nuclear interference peak, overestimating the experimental data. Therefore, the damping of the Coulomb-nuclear interference peak is less pronounced with the n + 10 Be potential in Ref. [28] , with respect to the analogous calculation performed with the potential adopted in the present work. A possible reason for this difference is that the 11 Be potential used in Ref. [28] yields a lower B(E1) probability for the continuum states, compared with the one calculated with the potential in Ref. [22] . In fact, the latter is consistent with the experimental distribution measured by Palit et al. [29] , while the B(E1) calculated with the Gaussian potential underestimates the experimental distribution. So, from these tests we conclude that the approach followed in Ref. [28] to provide a reasonable value for the B(E1; 1/2 + → 1/2 − ) has the undesirable feature of also reducing the dipole couplings to the continuum. On the other hand, the approach followed here yields a B(E1) distribution to the continuum in better agreement with the experimental one, but at the expense of overestimating the B(E1) to the 1/2 − bound state. This choice seems to provide a better description of the quasielastic cross section. A more realistic approach would require taking into account the admixtures of core excited components in the description of the 11 Be states. This formalism was developed in Ref. [26] but so far its inherent complexity has prevented its widespread use by the community.
IV. TRANSFER AND BREAKUP
In the 9, 10, 11 Be experiments, as mentioned before, we used E-E telescopes in order to distinguish scattering events from other reaction events. In this way, in the case of the 11 Be run, using a E-E plot such as the one shown in Fig. 12 , it was possible to identify, along with the scattered 11 Be, 10 Be events having an energy close to the elastic. These events correspond to transfer or breakup processes. It is important to emphasize that, as shown in Ref. [6] , this type of event is not observed in the E-E scatterplots for the collision induced by 10 Be. Unfortunately, the analysis of the above-mentioned 10 Be events in the 11 Be-induced collision could only be done for the forward detectors (DSSSD5 and DSSSD6). In the case of the detector placed at about 90
• , owing to the kinematics, the energy of the Be isotopes was not sufficient to punch through the 40-μm-Si-E detector, and therefore no selection between 10 Be and 11 Be could be done. Owing to the much larger contribution of the elastic and inelastic processes with respect to the transfer/breakup events, no information on the transfer/breakup cross section could be obtained by looking only at the 1D energy spectra. The angular distribution of transfer/breakup events was obtained by putting a gate on the 10 Be events in the E-E plot. In Fig. 13 obtained by assuming dσ/d = 0 at θ lab = 0 • and 60
• is σ = 1100 ± 150 mb. The largest contribution to the error bar comes from the extrapolation of the angular distribution dσ/d down to 0
• . An underestimation of this cross section could come from the poor resolution between 10 Be and 11 Be isotopes. The measured angular distribution of 10 Be was compared with the CDCC calculations described in the previous section. For a meaningful comparison, the calculation was transformed into the laboratory frame, but approximating the scattering angle of the outgoing 10 Be fragment by the 11 Be * scattering angle. The full CDCC calculation (solid line in Fig. 13 ) follows a similar shape compared with the data, but the absolute magnitude is underestimated by about 30%. Part of this disagreement could be caused by the fact that the CDCC method provides only the so-called elastic breakup, that is, the dissociation of the projectile in which neither the core 11 Be+ 64 Zn obtained by selecting 10 Be events in the E-E spectrum (filled symbols). The solid line is the full CDCC calculation, whereas the dashed line is the CDCC calculation including nuclear breakup only.
nor the valence clusters are absorbed by the target, and none of them is excited. So, for example, possible contributions coming from the transfer of the undetected valence neutron to the target or projectile breakup accompanied by target excitation are not taken into account in these calculations. Another explanation for the observed discrepancy could be the simplified single-particle model assumed for the 11 Be states. It is expected that a more realistic calculation, including excited components of the 10 Be core, would improve the description not only of the elastic data but also of the breakup data.
We have also included the breakup distribution obtained in the CDCC calculation omitting Coulomb breakup ( Fig. 13 ; dashed line). It is shown that the breakup cross section is reduced by a factor of almost 4, constituting further evidence of the dominance of Coulomb breakup over nuclear breakup in this reaction. We note, however, that the total breakup is not just the incoherent sum of both contributions, owing to the interference effects that appear when both kinds of couplings are included simultaneously.
V. SUMMARY AND CONCLUSIONS
In this paper details of the experimental procedure in the study of the collision 11 Be+ 64 Zn reported in Ref. [6] as well as new theoretical calculations are described. In Ref. [6] the elastic scattering angular distribution of the collisions 9, 10 Be+ 64 Zn were presented, in addition to the angular distribution for the quasielastic scattering and transfer/breakup cross section for the 11 Be+ 64 Zn collision. The experiment with the stable 9 Be beam was performed at the LNS in Catania, whereas the experiments with radioactive 10, 11 Be beams were performed at REX-ISOLDE at CERN. In the radioactive beam experiments the average beam intensity was ≈10 6 pps for 10 Be and ≈10 4 pps for 11 Be. Owing to the low beam intensity, a detection system covering a large solid angle was used. The detection array used was very compact, with the detectors placed very close to the target. Because of this, there was a dependence of the detection angles from the beam axis. In order to obtain the correct angular distribution, these effects were taken into consideration during the analysis. Other problems that had to be faced in the radioactive beam experiments are connected with the beam purity and the beam time structure. A beam purity better than 99% was obtained by the proper choice of buffer gas in the REX-TRAP and by introducing a carbon stripper foil just before the last bending magnet after the REX-Linac accelerator. The problem related to the time structure of the REX-ISOLDE beam was solved by keeping the total acquisition trigger rate below 50 Hz.
In these experiments the elastic scattering angular distribution for 9, 10 Be+ 64 Zn and the quasielastic and transfer/breakup angular distributions of 11 Be+ 64 Zn have been measured. The data have been analyzed within the OM. In the 11 Be+ 64 Zn case, the data have been compared with CDCC calculations.
In the case of 9, 10 Be+ 64 Zn OM analysis, an Igo-type ambiguity [12] of the optical potentials was found. All potentials giving the same χ 2 were the same for distances r 10 fm. This is not surprising, as the elastic scattering 054607-10 is a peripheral process that probes only the tail of the wave function.
In the case of the 11 Be+ 64 Zn data, two types of OM analyses were performed. Both analyses used as the bare potential the one obtained from the fit of the 10 Be+ 64 Zn data. In order to reproduce satisfactorily the measured quasielastic angular distribution, a DPP was added to the bare interaction. This DPP was derived phenomenologically in Ref. [6] using a WS derivative shape. The best χ 2 obtained required a large diffuseness of the DPP (a s ≈ 3.5 fm). Owing to the ambiguities found in the 10 Be+ 64 Zn OM analysis, it was checked that all potentials obtained from the 10 Be+ 64 Zn elastic scattering fit give very similar results also in the 11 Be+ 64 Zn case.
The second type of OM analysis performed on the 11 Be+ 64 Zn data used as the DPP a potential derived from the semiclassical theory of Alder and Winter for Coulomb excitation. This potential takes into account the effect of the coupling to the inelastic and breakup channels owing to the dipole Coulomb interaction. Adding this DPP to the bare interaction, a strong reduction in the elastic cross section is obtained; however, this is not sufficient to reproduce the measured data.
The measured quasielastic and inclusive breakup cross sections have also been compared with CDCC calculations, in which the 11 Be+ 64 Zn reaction is treated within an effective three-body model, 10 Be + n+ 64 Zn, and coupling to breakup channels is explicitly taken into account. These calculations clearly indicate that the suppression of the Coulomb-nuclear interference peak observed in the quasielastic distribution around 30
• is caused by a combined effect of Coulomb and nuclear coupling to breakup channels, although they act in very different ways. Coulomb couplings make a large contribution to the breakup cross section, thus increasing the reaction cross section and reducing the elastic cross section accordingly. On the other hand, the nuclear breakup cross section is found to be relatively small, but these couplings have a sizable effect on the elastic phase shift, thus also affecting the elastic angular distribution. Overall, the calculation reproduces well the shape of the quasielastic angular distribution, but some overestimation is observed at angles beyond θ cm = 40
• . Moreover, the shape of the angular distribution of outgoing 10 Be fragments is reasonably well reproduced by the CDCC calculations, although the magnitude is underestimated by ≈30%. We attribute this disagreement to the neglect of nonelastic breakup processes or to the simplified structure model used for the 11 Be nucleus. We have also shown that, when Coulomb breakup is switched off, the breakup cross section is reduced by a factor of 4, indicating that the main contribution to the calculated breakup cross section comes from Coulomb breakup.
